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Abstract  
 
The study aims to assess vulnerability to sea level rise of the municipal population from the 
coast region of the state of São Paulo. This vulnerability assessment focus on degrees of 
vulnerability and what are the main factors that affect vulnerability to sea level rise in the 
municipalities. The study has included indicators of vulnerability to sea level rise which were 
represented through vulnerability mapping reflecting the degrees of adaptive capacity, 
sensitivity, exposure and total vulnerability of the municipalities. The results have shown that 
São Vicente, São Sebastião, Praia Grande, Santos and Guarujá were classified as highly 
vulnerable to sea level rise and Santos as the most vulnerable municipality. The assessment 
indicated that approximately 1 million inhabitants of the coastal zone of São Paulo could be 
affected by a rise of up to 1 meter in the sea level in one generation time, around 100 years. 
Social factors are among the main factors that affect vulnerability, which are especially related 
to urban infrastructure; however biophysical factors, particularly linked to erosion and 
inundation are significant factors to vulnerability to sea level rise in the municipalities likewise, 
economic factors, as the most vulnerable municipalities concentrate industries with high 
polluting potential. The identified main factors that affect coastal vulnerability should be 
integrated in policy considerations that should also focus on long term urban management 
strategies.   
 
Keywords: Brazil, climate change, coastal vulnerability, sea level rise, vulnerability assessment  
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1. Introduction 
 
The exposure of coastal populations to Sea Level Rise (SLR) is an issue which requires constant 
update on its effects and consequences. Populations are dynamic, and socioeconomic pathways 
are constantly interacting with biophysical factors. One of the main consequences of climate 
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change is SLR and its drivers such as the increase in water temperature, which also contributes 
to the melting of glaciers and ice sheets (Intergovernmental Panel on Climate Change, 2014). 
The understanding of vulnerability to climate change comprises analysis of physical climate 
science and societal dimensions. The conclusions about how these two systems interact open 
possibilities to comprehensive results from global to regional scale (Burkett et al., 2014). 
However, the Fifth Assessment Report released by Intergovernmental Panel on Climate Change 
(IPCC) states that most of climate change impacts on Earth systems, happen at regional level. 
For this reason, assessments at regional and local level, i.e. scales that varies from 10 to 100 
km, offer detailed information on climate change, which can be applied to specific systems such 
as coastal, food, human health and industry (Burkett et al., 2014).  
  
Recent historical data have shown a constant increase in sea level in the coastal region of São 
Paulo (Marengo et al., 2016). The region is characterised by high urban density, dependency 
on environmental services for fishing and agriculture activities, as well as considerable levels 
of poverty associated with deficiency of public infrastructure (Barbi & Ferreira, 2014; Nicolodi 
& Petermann, 2010; Marengo et al., 2016). Some environmental aspects which also configure 
consequences of SLR in the Brazilian coast region are coastal erosion; changes in the dynamics 
of lagoons and estuarine circulation; increased intrusion of salty water in the underground and 
surface; and elevation of groundwater level. These environmental aspects cause socioeconomic 
and environmental impacts in the coastal zone of Brazil. Examples of impacts caused by coastal 
erosion are fragmentation and loss of biodiversity and coastal ecosystems such as dunes, 
beaches, mangroves, sandy islands, restinga and rocky shores; it also jeopardises houses, 
industries and drainage structures of ports. Fishery resources and fishing activities can be 
affected by changes in the dynamics of estuarine circulation. The supply of potable water and 
sewage networks can be compromised by the intrusion of salty water in these systems as well 
as by the elevation of groundwater level. In addition, the occurrence of extreme climate events 
such as undertow and storm surges intensify these environmental aspects and generate other 
threats such as landslides and inundation especially where populations are located.  (Souza, 
2011; Marengo et al., 2016). 
 
In front of these characteristic aspects associated with the coastal zone of São Paulo, the aim of 
this study is to assess vulnerability to sea level rise of the state of São Paulo, by addressing the 
following questions (1) What are the degrees of vulnerability to sea level rise of the 
municipalities located in the coastal zone of São Paulo? (2) What are the main factors that affect 
vulnerability to sea level rise in the municipalities of the coastal zone of São Paulo? The 
questions are going to be answered throughout the presentation of the results and discussed in 
the context of existing research. The vulnerability assessment to SLR of this study is based on 
indicators and the results are illustrated through the use of vulnerability mapping.  
 
Vulnerability assessments include important qualitative and quantitative parameters which can 
represent the causes and consequences of vulnerability (Adger, 2006). However, it is not easy 
to reduce vulnerability to such parameters, and hence important to recognize the difficulties 
related to translating social processes or other qualitative metrics into quantitative measures 
(Siegel & Alwang, 2001). 
 
Vulnerability mapping aims to represent results from vulnerability assessments to offer 
guidance to policy decisions and individual actions (Adger, 2006). Representations of 
vulnerabilities, hazards and risks of a certain place requires a linkage between a consistent 
framework and an application of the content in a Geographical Information System (GIS) tool 
(Cutter, 2003). Vulnerability mapping is being applied within different realities, for instance, 
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Preston et al. (2009) has used vulnerability mapping to communicate climate change impacts 
in Sydney, Australia. The stakeholders involved were able to visualise degrees of vulnerability 
in a regional context as well as the interactions with socioeconomic and biophysical factors 
which influence vulnerability. The study of O’Brien et al. (2004a), conducted a vulnerability 
assessment focusing on adaptive capacity for climate change in India with the use of indicators 
and vulnerability mapping to illustrate the results. The use of indicators to conduct a 
vulnerability assessment configure an indicator-based method study. Indicators are quantitative 
or qualitative measures. They are based on successive observations of facts which are aimed at 
representing situations in the present, past and future of a given area. Indicators draw attention 
to issues such as sustainability and industrialization, however, one unique indicator cannot 
represent multidimensional concepts. In this sense, the compilation of various indicators allows 
near representations of complex concepts, such as sustainability (Nardo et al., 2008) and 
vulnerability to SLR due to climate change. 
 
In summary, vulnerability assessment can be based on indicators which indicate the 
vulnerability degree of a certain place, and to geographically illustrate the vulnerability degree, 
vulnerability mapping is used. In spite of this, a common criticism on vulnerability mapping is 
that it results fail in representing specific conditions of vulnerability (Cutter, 2003) which is 
related to the difficulty to represent, through maps, all factors that are influencing the 
vulnerability degree of a certain region. That is why the representation of results of vulnerability 
assessment through the use of maps should be considered as a first step to open discussions 
with stakeholders which can aggregate other complex factors that also affect vulnerability of a 
region (Nardo et al., 2008). 
 

2. Background 
 
The Latin root for vulnerability comes from the word vulnerare, that is “to wound”. Something 
vulnerable is then susceptible to being wounded, hurt and defenceless against a tension. Early 
discussions about the concept of vulnerability were inserted in the ecology field about resilience 
and stability of ecological systems, and later it was incorporated in natural hazards studies 
(Dow, 1992; Janssen, 2006). Thenceforth, other attempts to understand the causes and 
consequences of stress in systems connected to engineering, economics, psychology, 
anthropology and health science, provided more discussions about the concept of vulnerability. 
Liverman (1990) proposes that to determine vulnerability is necessary to take into account the 
following systems: environmental, technological, social, demographic and health, land use and 
ownership, economy and institutions. In this sense, it is widely accepted that environmental 
changes are not an isolated process but are also connected to social, political and economic 
systems. Dow (1992) and Adger (2006) state that vulnerability to environmental risks refers to 
characteristics of societies, technological systems, individuals and all other socio-ecological 
systems. The term system, in this study, is a general term to refer to all those above-mentioned 
systems given by Adger (2006), Dow (1992) and Liverman (1990).  
 

2.1. Perspectives on vulnerability 
 
This section presents perspectives on vulnerability which are discussed in the field of studies 
on vulnerability. Additionally, it will be specified which perspective is being considered in this 
present study. 
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The complexity in defining vulnerability in academic literature is related to the understanding 
of the concept in different manners by the general public and scientists. Therefore, it is 
necessary to clearly state the usage of the concept (O’Brien et al., 2004b). Dow (1992) indicates 
that definitions of vulnerability can be crosscut into two general viewpoints: (1) when 
vulnerability is measured by exposure to a hazard or (2) when vulnerability is understood 
according to the ability to cope or adjust to a certain impact.  
 
The first perspective is relatively simple to be assessed as it most of the time is based on patterns 
of biophysical aspects (Dow, 1992). The end-point approach to vulnerability proposed by Kelly 
& Adger (2000) has some connections with the first viewpoint presented by Dow (1992). The 
end-point approach refers to vulnerability as the consequence of a sequence of analyses which 
normally comprise future trends such as future climate scenarios and future emissions trends 
(Kelly & Adger, 2000). In other words, the approach indicates levels of vulnerability based on 
future scenarios. However, Dow (1992) points out about the difficulty for the approach to 
include social aspects in future scenarios, due to the complex task that is to quantify certain 
social aspects. 
 
While the end-point approach and the first viewpoint deal more with vulnerability based on 
future conditions, the second viewpoint deals with the identification of present causes and 
distribution of vulnerability taking into consideration the present incapability of a system to 
deal with stresses and changes (Kelly & Adger, 2000). Kelly & Adger (2000) refer to this 
concept as the starting point approach to vulnerability which has its origins in assessments of 
social vulnerability. The starting point approach is used in this present study, as the study takes 
into account present vulnerability indicators which can give a picture of the current inability of 
the municipalities to cope with SLR and related aspects. Dow (1992) also recognises the 
difficulties of the approach, which refer to the complexity to determine and select present causes 
of vulnerability, especially about selection of social aspects due to the existence of multiple 
levels of interactions between socioeconomic aspects and other various systems that shape 
vulnerability of a certain region. 
 

2.2. Vulnerability to climate change 
2.2.1. Definitions 

 
Vulnerability to climate change can be considered an essential part of scientific agendas and 
has the characteristic of being a broadly established concept. The complexity of climate change 
relies on its multiplicity of causes, players, time and geographic scales (Adger, 2006). In this 
section, it will be indicated which definition of vulnerability and its elements are being used in 
this present study. 
 
The IPCC is considered by scholars as the most influential source of information about climate 
change thus it is important to highlight the concept of vulnerability to climate change 
established in the latest IPCC report of 2014, the Fifth Assessment Report, as referring to the 
quality of a system which has “the propensity or predisposition to be adversely affected” 
(Intergovernmental Panel on Climate Change, 2014, p. 1775) by climate-related risks. The 
Fourth Assessment Report of IPCC refers to vulnerability as function of the following elements: 
sensitivity, exposure and adaptive capacity (Cardona et al., 2012). Sensitivity is defined by the 
Intergovernmental Panel on Climate Change (2014, p. 1772) as: 
 

The degree to which a system or species is affected, either adversely or beneficially, by climate 
variability or change. The effect may be direct (e.g., a change in crop yield in response to a 
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change in the mean, range or variability of temperature) or indirect (e.g., damages caused by an 
increase in the frequency of coastal flooding due to sea level rise).   

 
The presence of any kind of system “in places and settings that could be adversely affected” is 
how exposure is defined by the Intergovernmental Panel on Climate Change (2014, p. 1765). 
Adaptive capacity is expressed as the ability of systems “to adjust to potential damage, to take 
advantage of opportunities, or to respond to consequences” (Intergovernmental Panel on 
Climate Change, 2014, p. 1758).  
 
Other relevant authors present definitions for exposure, sensitivity and adaptive capacity which 
exhibit similarities with the IPCC definitions. Adger (2006) points out that exposure is how 
much contact a system has with any socio-economic or environmental stress whether both can 
also be the cause of stresses. The attributes used to measure exposure involve duration, 
geographical extent, frequency and the magnitude of the risk which a system is exposed. 
Relating the concept of exposure to vulnerability to climate change, climate-related 
disturbances can be taken by the system as beneficial or detrimental and can lead to direct or 
indirect responses (McCarthy et al., 2001). Sensitivity in its turn is the degree of changes or 
disturbances in a system caused by a stress (Adger, 2006). Adaptive capacity is defined by 
Cutter, Boruff & Shirley (2003) as the system’s faculty to improve its present and future 
resilience in front of the occurrence of stresses and changes. Resilience and adaptive capacity 
are correlated concepts once resilience can be understood as a characteristic of a system to 
absorb shocks by avoiding reaching an irreversible state through regeneration after the stress 
(Miller et al., 2010).  
 
Considering the correlation between the IPCC and the other authors definitions, this present 
study adopts definitions for vulnerability to climate change, sensitivity, exposure and adaptive 
capacity given by the IPCC. 
 

2.2.2. Perspectives 

The concept of vulnerability to climate change falls into multiple perspectives. In this section, 
it is presented which perspective of vulnerability to climate change is being considered in this 
present study.  
 
One of the most common perspectives concentrates on biophysical conditions and physical 
environmental changes (Timmerman, 1981). This is a widespread perspective of vulnerability 
to climate change, in which biophysical conditions accounts for a large part of concerns around 
vulnerability, since physical and biological factors have greater influence on climate conditions 
(Dow, 1992).  
 
The other perspective considers vulnerability as function of social, political and economic 
conditions of the society. This perspective tends to focus on the consequences of poverty and 
environmental degradation as something that intensifies vulnerability to climate change. 
However, not all vulnerable people live in vulnerable places. Poverty can occur in biophysically 
productive environments, and wealthy people can also live in unstable environments and not 
be considered vulnerable (Timmerman, 1981). This framework also establishes a dialogue with 
demographic dimensions of the society, involving for example population’s age, land use, 
ethnicity, gender and class (Dow, 1992).  
 
The third perspective discussed by Timmerman (1981), considers that technology also plays an 
important role in vulnerability to climate change. Nevertheless, it is now known that technology 
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by itself cannot permanently decrease socioeconomic and biophysical vulnerabilities. In front 
of such obstacles, it is increasing the number of efforts trying to integrate social and biophysical 
aspects into the concept of vulnerability (Dow, 1992).  
 
An integrated vulnerability perspective is applied in this present study, as both socioeconomic 
and biophysical aspects are going to be used to assess vulnerability to SLR in São Paulo. 
Vulnerability science requires an integrative approach to explain the complex interactions 
among social, natural, and engineered systems. It requires a new way of viewing the world, one 
that integrates perspectives from natural sciences, social sciences, and humanities (Cutter, 
2003). As climate change involves innumerous factors, from variations in environmental states 
to responses from societies and individuals in different degrees, the connection with 
socioeconomic and biophysical dimensions are required if vulnerability to climate change is to 
be defined and assessed (Dow, 1992).  
 

2.2.3. Perspectives in Brazil 

This section presents how vulnerability to climate change is perceived in Brazil in front of 
previous discussed vulnerability perspectives. The following reports of this section are legal 
frameworks which subsidize decision making in Brazil (Interministerial Committee on Climate 
Change, 2008; São Paulo, 2009).  
 
The National Plan on Climate Change, released in 2008, was developed by the Interministerial 
Committee on Climate Change with collaboration of participants from the Brazilian Forum on 
Climate Change, the III National Environmental Conference, the Interministerial Commission 
on Climate Change, Climate Change forums at regional level, and the participation of civil 
organizations. The aim of the National Plan on Climate Change was to integrate climate change 
target actions into the national policy structure. According to the National Plan on Climate 
Change, vulnerability to climate change in Brazil is identified in the following systems: coastal 
and marine areas; water resources; forests and forestry; livestock; agriculture; biodiversity; 
industry; urban and rural settlements; infrastructure; health and migration. The concept of 
vulnerability to climate change is defined in the plan as the degree of susceptibility of a system 
to cope with adverse climate change effects, considering that the degree of vulnerability is 
inversely proportional to the systems resilience and its adaptive capacity to climate variability 
(Interministerial Committee on Climate Change, 2008).  
 
The national plan also mentions the existence of a policy tool that could reduce present 
vulnerabilities to climate change: the federal environmental legislation. The federal 
environmental legislation is composed by 16 laws that embrace the following aspects: cultural 
heritage, forestry, wildlife, nuclear activities, urban land instalment, industrial zoning in critical 
areas of pollution, environmental protection, national environmental policy, coastal 
management, the creation of the Brazilian Institute of Environment and Renewable Natural 
Resources, agrochemicals, mineral exploration, agricultural policy, genetic engineering, water 
resources, and environmental crimes (Interministerial Committee on Climate Change, 2008).  
 
Downscaling to regional level, the Policy on Climate Change of the state of São Paulo was 
established in 2009 and defines vulnerability to climate change as the susceptibility or inability 
of a system to protect itself from climate variability effects and extreme climate events. 
According to the state policy, the vulnerability degree depends on the rate of climatic variation 
to which a system is exposed, as well as depends on its sensitivity and adaptive capacity. The 
overall objective of the state’s policy on climate change was to establish the state’s commitment 
in front of the challenges related to climate change, to provide the necessary conditions for 
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adaptations measures and to contribute with the reduction of greenhouse gases in the 
atmosphere. According to the state’s policy, the aspects which are most affected by climate 
change in São Paulo include natural ecosystems, productive socioeconomic systems and the 
population’s well-being (São Paulo, 2009).   
 
The definition of vulnerability to climate change in the national plan refers to the concept of 
exposure, resilience, sensitivity and adaptive capacity. It follows the starting point approach to 
vulnerability proposed by Kelly & Adger (2000) as the degree of vulnerability is not determined 
according future scenarios and future impacts of climate change but instead is measured 
according to the present ability or inability of a system to deal with certain climate stresses. 
Likewise, the definition at state level also follows the start-point approach and takes into 
account the elements which encompass the concept of vulnerability pointed out by Adger 
(2006) and by the IPCC in Cardona et al. (2012) as being adaptive capacity, sensitivity and 
exposure. Socioeconomic and biophysical aspects are those expressed by the national plan as 
relevant perspectives to assess vulnerability to climate change (Interministerial Committee on 
Climate Change, 2008).  
 
The concept of vulnerability to climate change considered at national and state level in Brazil 
agrees with the starting point approach of vulnerability, with the IPCC definitions, and with the 
integrated vulnerability perspective acknowledged in this study. In summary, this study takes 
into account the starting point approach of vulnerability; adopts the IPCC definitions for 
vulnerability to climate change, exposure, sensitivity and adaptive capacity, and considers an 
integrated vulnerability perspective which comprises both socioeconomic and biophysical 
aspects to assess vulnerability to SLR in São Paulo. 
 

2.3. Sea Level Rise in Brazil 
 
Changes in sea level can be measured based on factors that affect the Mean Sea Level (MSL) 
of a geographic region. MSL can be measured based on Atmosphere–Ocean coupled models 
which consider, for example, the average daily values of rise and fall of tides, currents, river 
discharge, glaciers, seasonal series and atmospheric effects. However, MSL is complex to be 
measured as any change on these factors, can change the final results for MSL (Lemos & 
Ghisolfi, 2010). According to Church et al. (2013) in the Fifth Assessment Report of the IPCC, 
global MSL is mainly affected by glacier melting and ocean thermal expansion. In Brazil, tide 
gauges measurements of MSL started between the end of the 19th century and beginning of the 
20th century where these data were mainly used on harbor activities. Presently, there are some 
tide gauges stations along the Brazilian coast but there are few data on time-series longer than 
30 years such as the station located in Cananéia (Lemos & Ghisolfi, 2010) from which data will 
be used in this study. 
 
The increase in sea level is expected to expose around 4.6 percent of the world’s population by 
2100 and cause up to 9.3 percent of annual losses in the world’s gross domestic product. Global 
costs due to losses, including maintenance and investments, are expected to vary between 48 to 
50 billion euros per year by 2050 and approximately 57 billion euros per year by 2100 (Hinkel 
et al., 2014; Hallegatte et al., 2013). It is expected that around 8 million people in Latin America 
will be negatively affected by a SLR of 2 meters by 2100 (Reguero et al., 2015). The state of 
São Paulo and Rio de Janeiro have registered an increase in sea level from 1.8 to 4.4 mm per 
year since 1950. Santos, that is one of the coastal municipalities of the state of São Paulo, have 
recorded a sea level rise of 1.2 mm per year since 1940 (Marengo et al., 2016).  
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Developing countries such as Brazil have a great concentration of inhabitants living in coastal 
areas. About 40 percent of coastal populations in Brazil which depend on agriculture, live in 
poverty conditions. Those who depend on fishing or agriculture relies on natural environments, 
such as mangroves that provide protection against extreme weather and other coastal threats 
that could be amplified by climate change (Marengo et al., 2016; Reguero et al., 2015). These 
dynamic coastal areas of Brazil continue to increase in population and high levels of poverty 
have been identified as well as its sensitiveness to climate and environmental changes observed 
in past stress events (Barbi & Ferreira, 2014; Zanetti, Junior & Freitas, 2016; Szlafsztein & 
Sterr, 2007).  
 
There are relevant studies on coastal vulnerability in Brazil. However, the majority is mainly 
focused on the identification of causes of coastal erosion and less focus is given to vulnerability 
assessment to SLR. The studies of Muehe (2010) and Furlan, Bonotto & Gumiere (2011) are 
focused on coastal erosion to assess vulnerability to climate change in Brazil. Muehe (2010) 
covers the whole Brazilian coastal zone and the study of Furlan, Bonotto & Gumiere (2011) 
has conducted the research for the municipality of São Sebastião, in the state of São Paulo. The 
studies of Nicolodi & Petermann (2010), Barbi & Ferreira (2014), Zanetti, Junior & Freitas 
(2016) and Szlafsztein & Sterr (2007), also focus on coastal erosion to assess vulnerability to 
climate change in Brazil, however, different from the others, these studies have included 
socioeconomic aspects in their assessments. Nicolodi & Petermann (2010) have conducted their 
study for the whole Brazilian coastline; Barbi & Ferreira (2014) and Zanetti, Junior & Freitas 
(2016) have focused on the municipality of Santos, in the state of São Paulo; and Szlafsztein & 
Sterr (2007) in the state of Pará. There is still a lack of local vulnerability assessments to SLR 
in Brazil, however this is mostly due to insufficiency of historical climate data which could 
support the development of climate change scenarios for the coastal areas of Brazil (Marengo 
et al., 2016). 
 

3. Material and methods 
3.1. Area of study 

 
The coastal zone of the state of São Paulo has an approximate area of 27 000 km2, a coastal line 
with about 700 km of extent and is composed by 36 municipalities. The National and the State 
Plan for Coastal Management have grouped these 36 municipalities into four regions in order 
to facilitate coastal management practices, the regions are: North Coast, Baixada Santista, 
Ribeira Valley and Cananéia-Iguape Estuarine Complex (Fig 1). Each region has one 
management system composed by representatives of federal, municipal and civil society 
spheres, which decide upon how natural resources are managed in the regions.  
 
The National Plan for Coastal Management was institutionalized in Brazil by the Federal Law 
nº 7 661/88 aiming the sustainable use of coastal resources and improvement of life quality of 
the inhabitants by protecting its historical, natural, ethnic and cultural heritage. Following the 
guidelines of the National Plan, the State Plan for Coastal Management was instituted by the 
Law nº 10 019/98 proceeded by the Decree nº 5 300/04. The state plan and the decree have the 
objective of defining permitted and prohibited practices, and guidelines for the development of 
an Ecological-Economic Zoning, as well as limits, principles, instruments, competences and 
rules for use and occupation of São Paulo’s coastal zone (Department of Environment of São 
Paulo state, n.d.).  
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 Fig 1. Coastal regions and municipalities of São Paulo’s coastal zone. Map data: Google 
Imagery ©2018 TerraMetrics. 
 

The North Coast is characterized by its diversity of natural resources and attractive 
opportunities for the tourism sector. The main problems of the region are related to irregular 
land occupation, real estate speculation, illegal fishing activities and the conduction of port 
activities which disagree with marine conservation norms (Coordination of Environmental 
Planning, 2017b).  
 
Baixada Santista concentrates the largest areas of mangrove of the whole coastal region. The 
region has great economic importance as the industrial park of Cubatão is located there, as well 
as the port complex of Santos (Coordination of Environmental Planning, 2017c).  
 
Even though Ribeira Valley has distant borders from the seafront, the region has direct 
influence in the Estuarine Complex of Cananéia-Iguape. Ribeira Valley has the largest portion 
of Atlantic Forest (Mata Atlântica) and has its basin of drainage throughout the Mata Atlântica, 
being titled by The United Nations Educational, Scientific and Cultural Organisation 
(UNESCO) as a natural patrimony of humanity in 1999 (Coordination of Environmental 
Planning, 2017a). Consequently, it is also relevant to assessment vulnerability to SLR of the 
municipalities located in this region.  
 
Cananéia-Iguape Estuarine Complex has a significant set of environmental and cultural 
attributes consisting of native vegetation, mangroves, restinga. It is characterized as one of the 
most productive coastal ecosystems in the world and the most preserved regions of the Brazilian 
coast (Coordination of Environmental Planning, 2017d). 
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3.2. Indicators 
3.2.1. Conceptual framework and selection of indicators 

 
The Brazilian coastal zone is considered a National Heritage by the Federal Constitution of 
1988, meaning that its preservation has a high priority, as well as high priority for the 
development of policies and plans (Brazil Const., 1988).  
 
There are three important documents for the identification of aspects that integrate coastal 
vulnerability in the state of São Paulo. The National Plan on Climate Change, indicates the 
Macro diagnosis of Coastal and Marine Zones of Brazil as one of the main documents about 
impacts, vulnerabilities and adaptation strategies of Brazilian coastal municipalities. 
Consequently, the Macro diagnosis was selected based on what was signed by the National Plan 
on Climate Change. The other documents were selected based on references present in the 
Macro diagnosis. 
 
The selected documents are officially considered as tools for territory management. They were 
developed to provide geo-referenced information which subsidy analysis for public policies and 
responses to challenges proposed for territorial management, especially for climate change 
scenarios, which could entail serious environmental and socioeconomic damages to the stability 
of the Brazilian coastal zone (Interministerial Committee on Climate Change, 2008; Marengo 
et al., 2016; Ministry of Environment, 2015). 
 
The first document is the Macro diagnosis of Coastal and Marine Zones of Brazil developed by 
the Secretariat for Climate Change and Environmental Quality of the Ministry of the 
Environment. The Macro diagnosis describes the socioeconomic and biophysical aspects of São 
Paulo’s coastal municipalities (Strohaecker, 2004; Astolpho & Gusmão, 2004; Egler, 2004). 
The second is the Socioenvironmental Urban Diagnosis and Sustainable Development Program 
for the Municipalities of Baixada Santista and North Coast of the State of São Paulo, that was 
developed by the Non-governmental organisation Pólis Institute requested by the federal 
government (Júnior, 2012). The third document is the special report on Impact, vulnerability 
and adaptation of Brazilian coastal cities to climate change, developed by the Brazilian Panel 
on Climate Change which have analysed impacts, vulnerabilities and adaptation degree to 
climate change for Brazilian coastal cities (Marengo et al., 2016).  
 
Based on these important documents about coastal vulnerability in Brazil, it is possible to 
acknowledge vulnerability to SLR for the state of São Paulo as the predisposition and tendency 
of a coastal system to be affected by stresses related SLR, considering coastal vulnerability 
assessment dependent on the system’s adaptive capacity, exposure and sensitivity, taking into 
account the IPCC definitions of these concepts. 
 
The three documents have described the aspects that influence coastal vulnerability in Brazil 
and São Paulo, thus the analysis of these documents was used to select the socioeconomic and 
biophysical indicators (Table 1). The indicators selection was based on reading the documents 
and listing the aspects that are associated with coastal vulnerability in Brazil and São Paulo 
described by the authors. All documents presented information about coastal vulnerability in 
the state of São Paulo yet only the report developed by the Brazilian Panel on Climate Change 
had information on vulnerabilities aspects to SLR for the state of São Paulo. This report was 
the first to be read, and once finalised, the other documents were examined in order to find 
associated aspects that also agree with the aspects related to vulnerability to SLR in São Paulo 
mentioned in the first report. 
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Table 1. Selected indicators for vulnerability to SLR for the state of São Paulo. 

SOCIOECONOMIC BIOPHYSICAL 

Demographic density 1, 2 Protected areas 1, 3 
Concentration of urban areas 1, 2, 3 Erosion 1, 5 
Public infrastructure 1, 3 Flooding 1,5  
Subnormal agglomerates 1, 3 Rain regime 1,5 
Household income 1, 2, 3 Declivity 1, 5 
Municipal GDP 1, 2, 3 Undertow 1 
Employed population 3 Tide gauges (Mean Sea Level) 1 
Education level 1, 3 Extratropical cyclones 1 
Presence of ports 1, 4  

 
References:  
1Marengo et al., 2016;  
2Strohaecker, 2004;  
3Júnior, 2012;  
4Egler, 2004;  
5Astolpho & Gusmão, 2004. 
 

Presence of oil, gas and/or chemical industries 1, 4 
Fishing activities 1 
Land designated to agriculture 1, 3 
Number of hospitals 1, 3  
Infant mortality 1, 3 
Sanitation 1, 2, 3 
Waste management 1, 2, 3 
Indigenous communities 1,3 

 

3.2.2. Description of indicators 
 
The indicators were grouped according to the elements that encompass vulnerability: adaptive 
capacity, exposure and sensitivity. 
 
Adaptive capacity indicators are those related to the ability of the coastal system “to adjust to 
potential damage, to take advantage of opportunities, or to respond to consequences” 
(Intergovernmental Panel on Climate Change, 2014, p. 1758) arising from SLR. Household 
income, for instance, is an adaptive capacity indicator as it represents the capacity that the 
inhabitants have to acquire resources to be able to adapt to possible effects of SLR (Strohaecker, 
2004; Marengo et al., 2016).  
 
Exposure indicators are those connected to the presence of a coastal system “in places and 
settings that could be adversely affected” (Intergovernmental Panel on Climate Change, 2014, 
p. 1765) by SLR. Presence of industries and ports, for instance, are exposure indicators in this 
present study as the concentration of industries and ports close to the coastline increase the 
environmental risks in front of possible effects of SLR. The imminence of these environmental 
risks places the coastal system in a situation where it could be adversely affected by these risks, 
configuring a situation of exposure (Egler, 2004; Marengo et al., 2016). 
 
Sensitivity indicators are those associated with the degree which a coastal system is positively 
or negatively, directly or indirectly affected by climate variability or change (Intergovernmental 
Panel on Climate Change, 2014, p. 1772) such as SLR. Demographic density, for instance, is a 
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sensitivity indicator in this present study because it has influence on how the region is modified 
due to the concentration of populations in the coastal zone. Regions with high demographic 
density tend to modify environments, where most of the time these modifications are related to 
negative environmental impacts, that leads to increase in the susceptibility to climate variability 
or other types of stress (Marengo et al., 2016). 
 
The grouped indicators on Table 2 are with their respective proxies. All indicators and proxies 
utilized in this study have their corresponding values per municipality. Proxies are used when 
data on certain indicator is scarce (Nardo et al., 2008), for instance, no data was available to 
indicate the occurrence of extreme events through rain regime. Consequently, it was used a 
proxy on the frequency of hydrological accidents which indicates accidents were emergency 
operations were needed because of the occurrence of extreme events. Other indicators needed 
proxies where no unique dataset exist to represent such indicator, for example, to represent 
education level, two proxies were used: years of education and percentage of illiterates, as no 
unique measurement was available to represent levels of education. Additionally, other 
indicators have available data per se and do not need any proxy, for instance, demographic 
density; where there is available data that directly represents demographic density. 
 
Table 2. Grouped indicators according to vulnerability elements. 

Elements, indicators and 
proxies Context and connection with SLR Sources and time 

span ADAPTIVE CAPACITY 
Public infrastructure 
§ Percentage of the 

municipal population 
which has access to public 
water distribution and 
public pavement. 

Public infrastructure can be understood 
as a group of services and equipment 
provided by any type of public 
administrative division focused on 
supporting citizens living conditions.2 
 
The portion of the population with no 
access to public infrastructure, is less 
able to cope with possible occurrence of 
coastal erosion, landslide, inundation or 
coastal flooding as the lack of such 
services increase their negative response 
to these aspects connected to SLR.21, 29 

IBGE1, 2010 

Household income 
§ Income per capita per 

month 

The minimum wage in 2010 was R$ 510 
that is @ 2 217 kr per month. 
 
Low income influences adaptive 
capacity of populations. Less capable are 
the inhabitants which have low income 
to recovery from inundations for 
example. 21, 29 

SEADE3, 2010 

Municipal GDP 
§ Total GDP per 

municipality 

GDP per municipality which includes 
the total amount of all produced goods 
from the industry, agricultural activities, 
services and taxes in one year.3 
 

SEADE3, 2015 
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Financial resources are essential for the 
municipalities to deal with possible 
consequences of SLR, such as increase 
in the frequency of undertow causing 
damage to public roads and buildings. 
Municipalities which have high GDP are 
also able to assign financial resources to 
future strategies of adaption to SLR. 21, 29 

Education level 
1. Years of education; 
2. Percentage of illiterates 

(from 15 years old and 
older) 

1. The average of how many years of 
studies were completed by people with 
25 years old and older; 

2. Percentage of illiterates in the 
population considering people with 15 
years old and older. 

 
Strategies to communicate adaptive 
measures to SLR as well as information 
on procedures in case of emergency 
situations due to extreme climate events, 
require from the inhabitants the ability to 
understand recommendations and alerts. 
Consequently, it is important that 
inhabitants have a certain level of 
education and know how to read. 21, 29 

IPEA4, 2000 

Number of hospitals 
§ Number of basic health 

centres 

Basic health centres consist in free 
public health service used for not highly 
complex types of emergencies, 
consultation with paediatrics, 
gynaecology, general practice, nursing 
and dentistry. The basic health centres 
are part of the smallest level of 
healthcare administration since its 
management is a municipal 
responsibility. The distribution of these 
centres intends to be widespread over the 
neighbourhoods and close to residences 
maintaining the minimum number of one 
doctor per one thousand habitants.5 
 
As some of the SLR effects, such as 
intrusion of salty water or elevation of 
groundwater level can affect sewage 
systems, it is important that medical care 
is available to the majority of the 
population. 21, 29 

DATASUS 6, 
2018 

Employed population 
§ Percentage of the 

population which is 
employed in formal or 
informal positions 

The percentage of employed population 
comprised the following groups: 
employers, employees, self-employers, 
unpaid household and domestic workers, 
and other unpaid workers such as 

IBGE1, 2010 
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trainees, religious, cooperative workers 
and those who work for charity.7 
 
Employed population is connected to 
adaptive capacity to SLR in the same 
way as household income. 29 

EXPOSURE Context and connection with SLR Sources and time 
span 

Erosion 
§ Erosion risk 

Erosion risk is based on calculation of 
the amount of soil present on the 
municipalities slopes, average declivity, 
fracturing and permeability levels of the 
terrain, rock structure and water surplus.8 
 
One of the environmental aspects 
associated with SLR is coastal erosion, 
which jeopardise structures such as 
houses and ports, as well as causes the 
loss in biodiversity and coastal 
ecosystems. 21, 30 

IG 9, 2015 

Flooding 
§ Flood risk 

Flood risk includes geomorphological, 
hydrological and land occupation factors 
to determine the risks of coastal flooding 
and inundation. Inundation is referred 
here as the overspreading of water in 
places relatively distant from the 
coastline and coastal flooding as the 
overflowing of water by the coastline.8 
 
Inundation and coastal flooding can be 
caused by the rise in sea level and the 
occurrence of undertow and storm 
surges. 21, 30 

IG 9, 2013 and 
2014; 
SIGRB10, 2013 

Rain regime 
§ Frequency of hydrological 

accidents 

The aim of using rain regime is to 
determine the occurrence of extreme 
events, thus the proxy for this indicator 
was the recorded number of accidents 
caused by extreme hydrological events 
as undertow and storm surges which 
required the presence of emergency 
operations.11 
 
Extreme climate events such as 
undertow and storm surges intensify 
environmental aspects connected to 
SLR. 21, 27 

DataGEO12, 2000 
to 2013 

Sea level rise 
§ Relative Sea Level Trend 

of São Paulo's coastal 
zone 

Values for Sea Level Rise were obtained 
from historical tide gauge measures 
localized in Cananéia.13 

GLOSS-Brazil13, 
PSMSL14, 
NOAA15, 1954 to 
2016 



 15 
 

 

Presence of oil, gas and/or 
chemical industries 
§ Number of industries (oil, 

gas and chemical 
products) 

Total number of industries per 
municipality. 
 
The presence of industries close to the 
coastline impose environmental risks to 
coastal systems and nearby populations. 
The environmental risks are associated 
with the polluting potential that oil, gas 
and chemical industries have and the 
possible effects of SLR such as erosion, 
which can compromise constructed 
structures. 21,31 

IBGE1, 2015 

Presence of ports 
§ Number of ports 

Total number of ports and related 
facilities per municipality. 
 
The presence of ports near the coastline 
also impose environmental risks to 
coastal systems and nearby populations 
as various potential polluting substances 
are transported from and to ports, and 
possible effects of SLR such as erosion 
and undertow, can compromise the 
operation of ports. 21, 31 

MTPA16, 2018 

Undertow Data on frequency and occurrence of 
undertow in Brazil and specially in São 
Paulo’s coastal zone is scarce and could 
not be localized, nonetheless data on 
undertow is still represented in the 
number of extreme hydrological 
events.17 

- 

Extratropical cyclones The incidence of extratropical cyclones 
in the South Atlantic Ocean are rare and 
the hurricane Catarina still the unique 
verified type of tropical cyclone in the 
South Atlantic. 18, 19, 20 

- 

SENSITIVITY Context Source and time 
span 

Protected areas 
§ Percentage of remaining 

native forest 

The higher the percentage of native 
forest covering a municipality, less 
susceptible the region will be to aspects 
related to SLR such as coastal erosion, 
landslides, inundation, coastal flooding, 
biodiversity and economic losses.21, 29 

DataGEO12, 2013 

Declivity 
§ Number of accidents 

related geological 
phenomena 

The degree of declivity is included in this 
data where it takes into account 
geological phenomena such as erosion.12 
 
Erosion is part of environmental aspects 
connected to some consequences of 
SLR. Degrees of declivity have 

DataGEO12, 2000 
to 2013 
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influence on erosion rate and populations 
located at high declivity places are more 
susceptible to be affected by the effects 
of SLR.21,30  

Indigenous communities 
§ Area occupied by 

indigenous communities 

Indigenous populations may have higher 
degree of vulnerability since they are 
more dependent of local natural 
resources and quickly affected by 
extreme coastal events. Consequently, 
the greater the number of indigenous 
populations, more sensitive the region 
will be.23, 29 

MMA22, 2010 

Waste management 
§ Percentage of the 

population covered by the 
municipal waste 
management service 

The population which has access to the 
public service of solid waste collection 
per residence.24 

 
The occurrence of extreme climate 
events such as storm surge and undertow 
can provoke contamination of surface 
water. The percentage of people which 
do not have access to waste management 
service in their residences are more 
sensitive to be negatively affected by the 
effects of these events which are 
connected to SLR. 21, 29 

IBGE2, 2010 

Sanitation 
§ Population with access to 

sanitation 

Indicates how many people is assisted by 
the public sewage collection network.25 

 

Access to sanitation follows the same 
logic of access to waste management 
services. 21, 29 

DataGEO12, 2017 

Infant mortality 
§ Infant mortality by one 

thousand live births 

Infant mortality can be used as an 
indicative of health situation of a certain 
place. The higher the infant mortality 
rate in a municipality, more sensitive is 
the population to be affected by events 
connected to SLR that have direct impact 
in the health of the population, such as 
storm surge, undertow, landslides and 
inundation.28, 21, 29 

SEADE3, 2016 

Fishing activities 
§ Number of fishing 

production units 

Fishing production units represent how 
many groups of fishermen work to 
supply the municipality.26 

 

Fishing activities are directly affected by 
some aspects related to SLR such as 
changes in the dynamic of estuarine 
circulation, intrusion of salt in surface or 
underground water. The higher the 
number of fishing production units that a 

IP 26, 2016 to 
2017 
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municipality has, more sensitive to 
aspects related to SLR the municipality 
is. 21 

Land designated to 
agriculture 
§ Percentage of agricultural 

areas 

In the same way as fishing activities, 
agricultural areas are also sensitive to 
ecosystem modifications due to 
elevation of groundwater level and 
intrusion of salty water in the 
underground and surface. The higher the 
percentage of agricultural areas in a 
municipality, more sensitive is the 
population to these aspects connected to 
SLR. 21, 29 

IBGE1, 2006 

Demographic density Number of inhabitants per square 
kilometer.12 

 
Places with high demographic density 
tend to be modified environments with 
more environmental impacts due to high 
concentration of people. Consequently, 
these concentrated populations can be 
more sensitive to be affected by 
inundation and erosion for example. 21, 32  

DataGEO12, 2017 

Concentration of urban 
areas 
§ Growth of urban 

population 

As concentration of urban areas is a 
geographical data, the proxy to indicate 
how urban areas interact with each 
municipality it was based on the growth 
of urban population based on 14 years of 
observations. 4 

 

Growth in urban population implies the 
same consequences related to SLR as the 
areas with high demographic density. 21, 

29 

IPEA4, 1996 to 
2010 

Subnormal clusters 
§ Areas occupied by 

subnormal clusters 

The presence of subnormal agglomerates 
i.e. favelas, is indicated by the area 
occupied by these types of urban 
organisation in each municipality. 1 

 

Favelas are set in regions with no access 
to public infrastructure, sanitation and 
other basic services. This situation 
makes the population that live in favelas 
highly sensitive to many aspects related 
to SLR such as inundation and 
landslides. 21, 29 

IBGE1, 2010 

1 Brazilian Institute of Geography and Statistics; 2 Institute of Applied Economic Research, 
2010; 3 State Foundation System of Data Analysis; 4 Database of the Institute of Applied 
Economic Research; 5 Ministry of Health, 2005; 6 Information Technology for the Health Care 
System Service; 7 National Classification of Occupation Position, 2018; 8 Geological Institute, 
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2014; 9 Geological Institute; 10 Geographic Information System Iguape Ribeira River Basin and 
South Coast; 11 Tominaga, Santoro & Amaral, 2009; 12 DataGEO Paulista Environmental 
System; 13 Global Sea Level Observing System – Brazil; 14 Permanent Service for Mean Sea 
Level; 15 National Oceanic and Atmospheric Administration; 16 Ministry of Transport, Ports 
and Civil Aviation; 17 Paula, Morais, Ferreira & Dias, 2015; 18 National Oceanic & Atmospheric 
Administration, 2005; 19 National Aeronautics and Space Administration, 2006; 20 Arizona 
State University, 2006; 21 Marengo et al., 2016; 22 Ministry of Environment; 23 Ministry of 
Environment, 2015; 24 Brazilian Institute of Geography and Statistics, 2010; 25 Neto, Novaes & 
Soares, 2007; 26 Fisheries Institute (IP) - Secretariat of Agriculture and Supply; 27Souza, 2011; 
28Brooks, Adger & Kelly, 2005; 29Júnior, 2012; 30Astolpho & Gusmão, 2004; 31Egler, 2004; 
32Strohaecker, 2004  
 

3.3. Analytical methods 
3.3.1. Testing for outliers 

 
In order to complete the vulnerability assessment and to represent the results through 
vulnerability maps, some steps were followed.  
 
Testing the indicators’ values for outliers is required as the presence of outliers can produce 
biased results. An outlier is a piece of data that differs from all others in the dataset because it 
does not follow the same patterns. If calculations are made with a dataset that contains outliers, 
this will result in underestimated or overestimated values which lead to tendentious conclusions 
(Jain & Bhandare, 2011). The presence of outliers can be tested using the z-value model formula 
in which Z is the result, x is any value from the dataset, µ is the dataset calculated mean and σ 
is the dataset calculated standard deviation. Z-value needs a parameter which will define if a 
certain value can be considered an outlier or not. There are common applied values used as 
parameters for outliers which were identified throughout early discussions by mathematicians 
and statisticians such as Leys et al. (2013), Miller (1991) and Tukey (1992). The values 2; 2.5 
and 3 are common parameters for identification of outliers. If the researcher decides that 2 will 
be the parameter to detect outliers, it means that outliers will be those values that are 2 units 
above or under the z-values in the dataset and the same logic is applied to the other parameters 
2.5 and 3. The application of 2 as a parameter is considered poorly restrict which means that 
less z-values can be classified as outlier, 2.5 is moderately restrict and 3 is very restrict which 
means that less values can go unnoticed through the detection of outliers (Leys et al., 2013; 
Miller, 1991; Tukey, 1992). To avoid the presence of any outliers among the data, 3 was the 
parameter applied in this study. 

Z =
|x − µ|
σ  

 
3.3.2. Normalization 

 
Normalization of indicators is an important step for an indicator-based method. This is the 
standardization of all indicators to the same scale in order to make comparisons as the indicators 
become with the same range (Flach, 2015; Nardo et al., 2008). In the case of this present study, 
another step has to be done before or after the normalization process, as this is connected to the 
applied aggregation method further described in this section. The step is to adjust the direction 
of the indicator. For those indicators which were inversely proportional to vulnerability, the 
measures were inverted multiplying by (-1) (Woodruff, Vitro & BenDor, 2018) before the 
normalization.  
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The most common normalization techniques utilized in vulnerability assessments are: min-
max, z-score and ranking normalization (Freudenberg, 2003; Maggino, 2017; Nardo et al., 
2008; Nardo et al., 2005 and Pollesch & Dale, 2016). Min-max normalization is applied in 
several renowned indexes such as the Worldwide Governance Indicators (WGI) index and the 
Human Development Index (HDI) (Sen & Anand, 1994; United Nations Development 
Programme, 2016; World Bank, 2016). The normalization technique consists into linear 
transformation of the original values. The usual min and max applied values are 0 and 1 
respectively, the normalized indicators will have its values ranging from 0 to 1 through the 
following equation which x’ is the final value after normalization, x is any value from the 
dataset, min(x) is the lowest found value and max(x) is the highest found value in the dataset 
(Flach, 2015).  

x( = 	
x −min(x)

max(x) −min(x) 

 
Min-max (0,1) was the applied normalization technique for this study. The technique has an 
advantage over others, it widens much more the range of values than z-score and ranking 
techniques, at the same time as the results can be processed as absolute values for further 
calculations. 
 
After normalization, a common step is to proceed with aggregation of the normalized values, 
however before aggregation, the indicators should be weighted. Due to insufficient knowledge 
and such complex task to define if an indicator is “worth” more than others, equal weighting 
(Nardo et al., 2008) was applied to all the indicators of this study meaning that all the indicators 
“worth” the same.  
 
Thenceforth the most indicated aggregation method for min-max normalized indicators with 
equal weight is the geometrical aggregation (Saisana, M., 2012; Nardo et al., 2008). However, 
due to direction adjustments of the indicators resulting in negative values and the presence of 
zeros from min-max (0,1) normalization, geometrical aggregation is not the most appropriated 
method. Instead, arithmetic mean was used to aggregate the indicators and the sum of the 
dimensions’ results was utilized to calculate the final vulnerability. The use of arithmetic mean 
as an aggregation method is widespread and applied to many indexes for example the Global 
Innovation Index developed by Cornell University, the European Business School INSEAD, 
and the United Nations agency World Intellectual Property Organization (WIPO); the Global 
Competitiveness Index published by the World Economic Forum in partnership with 
institutions from 137 countries; and the Environmental Performance Index produced by Yale 
Centre for Environmental Law & Policy and the Centre for International Earth Science 
Information Network from Columbia University (Stano, 2014).  
 
Aggregation is used to produce a single or few values by combining variables of each indicator, 
thus each municipality will have one value representing its adaptive capacity, exposure, 
sensitivity and final vulnerability, respectively (Jollands, Lermit & Patterson, 2003; 
Competence Centre on Composite Indicators and Scoreboards European Commission, 2018). 
 

3.3.3. Data processing with Geographic Information System (GIS) 
 
The utilized GIS software was Quantum GIS (QGIS) version 2.18 Las Palmas. QGIS is an open 
source geospatial software with all necessary tools for this present study. It is important to 
mention that additional data (Table 3), to the described data on Table 2, was used to conduct 
some calculations described in this section.  
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Table 3. Additional data. 

Data Use Source and time 
span 

Digital 
Elevation Model 
(DEM) 

Calculation to identify areas £ 1 meter above sea 
level prone to coastal flood by consequence of up to 
1 meter of Sea Level Rise above current level.  
 
The Digital Elevation Model (DEM) from Embrapa 
has its numerical dataset generated from the Shuttle 
Radar Topography Mission (SRTM) for South 
America which has a spatial resolution of 90 meters. 
However, the DEM of SRTM contained imprecisions 
which were corrected by Embrapa with data 
interpolation from the Global Land Cover Network 
(GLCN) made available by the Food and Agriculture 
Organization of the United Nations (FAO/UN).1   

Embrapa1, 2005 

Administrative 
areas of the state 
of São Paulo 

Polygon used to clip São Paulo’s coastal 
municipalities. 

DataGEO2, 
2013 

Urban 
population 

Data containing number of inhabitants living in 
classified urban areas per municipality. It was used to 
calculate the potential number of affected people by 
Sea Level Rise. 

IBGE3, 2010 

Urban areas Delimitation of classified urban areas for each 
municipality. Urban areas are defined by Embrapa1 
as a territory that is physically characterized by 
typical landscape and structure of a city, having for 
example, allotments with demarcated streets, 
agglomeration of residences and concentration 
industrial buildings. 

Embrapa1, 2015 

1Brazilian Agricultural Research Company; 2DataGEO Paulista Environmental System; 
3Brazilian Institute of Geography and Statistics. 
 
The data processing included three stages composed by procedures which aimed at narrowing 
down the region of assessment. The first stage aimed at calculating the arithmetic means for 
adaptive capacity, exposure, sensitivity at municipal level. The normalized values related to the 
dimensions were added to an attribute table of a geospatial vector which spatially represented 
each municipality as a polygon. The normalized values were separated in columns according 
to the dimensions (adaptive capacity, exposure, sensitivity) being the last column the total 
vulnerability. Each column with its respective range of normalized values were symbolized and 
classified using the Natural Breaks (Jenks) method of classification into five classes which 
were renamed as Very low, Low, Medium, High and Very high. The classification method 
Natural Breaks (Jenks) was developed by George Frederick Jenks and consists in classifying a 
dataset into certain number of classes based on inherent characteristics of the dataset, which 
means that this classification seeks the best arrangement of the values respecting the dataset 
natural hierarchy (Jiang, 2013; Chen et al., 2013). Total vulnerability was calculated through 
the sum of all aggregated values for every element (adaptive capacity, exposure, sensitivity) by 
municipality. 



 21 
 

 

 
The second stage consisted in determining the potential affected areas considering a SLR of up 
to 1 meter. The collected sea level data set a trend for a rise of 4.2 mm/year and a change of 
approximately 0.5 meters in 100 years. If the trend is kept, in the coming 200 years the sea will 
rise by 1 meter (National Oceanic and Atmospheric Administration, 2007; Permanent Service 
for Mean Sea Level, 2007). This required the use of Digital Elevation Model (DEM) data from 
the state of São Paulo that was clipped to delimit the model to the coastal municipalities. The 
calculation to identify the areas £ 1 meter was firstly done by converting the raster DEM to a 
vector; in the new converted vector, the Field Calculator was used to select all elevations £ 1 
meter. From the selection a new polygon was created containing only the identified areas with 
£ 1 meter, which from now are referred to as ‘areas prone to SLR’. 
 
A polygon layer delimiting the urban areas was overlapped with the resulted layer ‘areas prone 
to SLR’ in order to identify the urbanized areas which are subject to coastal flooding by SLR. 
A new polygon layer was created containing only the regions which were ‘areas prone to SLR’ 
and urban areas. This new polygon will be referred to as ‘SLR-exposed urban areas’. 
  
To estimate the approximate number of people living in the ‘SLR-exposed urban areas’ it was 
used data on the extent of the urban areas, defined by Embrapa; data on urban population, 
provided by IBGE, and the extent of ‘SLR-exposed urban areas’. Firstly, urban population was 
divided by the extent of urban areas, the product of this division were values for urban density. 
The extent of ‘SLR-exposed urban areas’ in square kilometres was calculated and by 
multiplying urban density by the extent of ‘SLR-exposed urban areas’ it was possible to obtain 
the approximate numbers of inhabitants in the ‘SLR-exposed urban areas’. 
 
The urban areas for each municipality was delimited by Embrapa in Farias et al. (2017) firstly 
based on classification from IBGE (2010) which has delimited urban areas in Brazil according 
metropolitan boundaries, subsequently the areas classified by IBGE were compared by 
Embrapa’s study to be updated with high spatial resolution satellite images, so urban areas non-
previously classified by the IBGE were integrated to this new delimitation by Embrapa. 
 
The third stage involved the assessment of degrees of adaptive capacity, exposure, sensitivity 
and vulnerability to SLR of the ‘SLR-exposed urban areas’ by joining the normalized values of 
the indicators to the vector’s attribute table, using the same classification method as previously: 
Natural Breaks (Jenks).  
  

4. Results 
 
No outliers were identified in the dataset after application of the outlier test, which has used the 
very restrict parameter, 3, for z-values. Therefore, it was not necessary to proceed with any data 
exclusion. 
 
The three stages of data processing with GIS resulted in three different sets of results: (1) an 
overall assessment covering the whole extent of the municipalities, (2) the identification of 
‘areas prone to SLR’, and (3) a downscaled assessment of the ‘SLR-exposed urban areas’. The 
results are represented by maps to facilitate communication of the assessments. The maps 
illustrate the results of each element that encompass the concept of vulnerability, that are: 
adaptive capacity, sensitivity and exposure (biophysical exposure, quantity of industries, 
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quantity of ports). In addition, the total vulnerability is also represented in the end of each set 
of results. 
 

4.1. Overall assessment 
 
Fig 2 shows a representation of the municipalities’ adaptive capacity to SLR. Approximately 
70 percent of the municipalities have very low to medium adaptive capacity and 11 
municipalities: Praia Grande, São Vicente, Santos, Registro, Guarujá, Cubatão, Mongaguá, São 
Sebastião, Caraguatatuba, Ilhabela and Ubatuba have high to very high adaptive capacity. 
   
The municipalities with low and very low adaptive capacity also have the lowest amounts of 
income per capita; around 15 to 27 percent of illiterates in their population; on average 31 
percent of the population do not have access to public infrastructure; an average of four years 
of completed education by its inhabitants; lower GDP; an average of 3 basic health centres for 
the whole municipality, considering that each of these municipalities have on average 12 000 
inhabitants, each health centre needs to attend around 4 000 people. 
  
The only indicator which do not present great variation compared to the less vulnerable 
municipalities, is the percentage of employed population. On average 92 percent of the 
population of the municipalities with low and very low adaption capacity are employed, whilst 
90 percent of the population of the municipalities with high and very high adaptation capacity 
are employed.  
 
The municipalities with high and very high adaptive capacity to SLR have high amounts of 
income per capita; between 3 to 10 percent of illiterates in their population; on average 59 
percent of the population have access to public infrastructure; six years is the average which 
the inhabitants spend studying; higher GDP; an average of 19 basic health centres, taking into 
account that the average number of inhabitant is 175 000 for each of these municipalities, each 
health centre needs to attend around 9 200 people. 
 
In summary, the indicators which best differentiate the least and the most capable municipalities 
to adapt to SLR are those related to the level of education, towards literacy aspects; access to 
public infrastructure, GDP and income per capita, i.e. education, urban structure and economic 
factors. It is also important to observe that even though the municipalities with low and very 
low adaptive capacity have inferior number of basic health centres, each of these centres still 
have to attend less inhabitants than the ones in the municipalities with high and very high 
adaptive capacity. 
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Fig 2. Adaptive capacity of the coastal zone of São Paulo. Map data: Google Imagery ©2018 
TerraMetrics. 
 
Fig 3 shows a representation of the municipalities’ sensitivity to SLR. The majority of the 
municipalities have low to very low sensitivity to SLR and about 20 percent of the 
municipalities are highly to very highly sensitive to SLR which are: Guarujá, Ribeira, Santos, 
São Vicente, Itaóca, Barra do Chapéu and Sete Barras.  
 
The least sensitive municipalities have less indigenous areas; higher population access to 
sanitation; lower population density; and on average half of the number of accidents due to 
geological phenomena compared with the highly sensitive municipalities. Highly sensitive 
municipalities have more indigenous areas; less coverage of sanitation services for the 
inhabitants; higher population density; and on average the double of accidents caused by 
geological events compared with the least sensitive municipalities. Infant mortality is the only 
indicator which is slightly higher in the least sensitive municipalities, on average 19 deaths per 
one thousand live births while 16 deaths per one thousand live births in highly sensitive 
municipalities.  
 
Summarily, the indicators which play the most important role to distinguish the least and the 
most sensitive municipalities are the extent of areas occupied by indigenous communities, 
population with access to sanitation, population density and the number of accidents related to 
geological phenomena, i.e. land use, urban structure and health, and biophysical factors. 
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Fig 3. Sensitivity of the coastal zone of São Paulo. Map data: Google Imagery ©2018 
TerraMetrics. 
 
Exposure assessment was divided in three segments: biophysical exposure, quantity of 
industries and quantity of ports (Fig 4, Fig 5 and Fig 6) due to the multidimensional nature of 
the concept of exposure which encompasses environmental, economic and social dimensions 
as well as the subcategories contained in each dimension (Cardona et al., 2012). A separately 
representation of the segments allows a clearer observation of the aspects that influence the 
degrees of exposure of the municipalities. The three segments were placed into two dimensions: 
environmental and economic (Table 4). 
  
Biophysical exposure is included in the environmental dimension as it comprises indicators that 
include physical and biological aspects. The physical aspects are related to geology and 
hydrology, and biological aspects refers to human activities in terms of land occupation 
(Cardona et al., 2012). These two aspects are intertwined as geological and hydrological events 
directly affect populations at the same time as people have influence on physical aspects. The 
number of industries and ports, as economic dimension, also comprise aspects of exposure to 
SLR in São Paulo as they represent risk of contamination and risk of environmental accidents 
for being particularly susceptible to coastal flooding and being located near coastlines. These 
risks in turn can trigger business interruptions, economic and income losses (Cardona et al., 
2012) related to the operation of industries and ports (Marengo et al., 2016). 
 
Table 4. Exposure dimensions 

Environmental dimension Economic dimension 
Biophysical exposure 
§ Erosion risk 
§ Flood risk 
§ Number of extreme hydrological events 

Quantity of industries (oil, gas and chemical 
products); 
Quantity of ports 
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Fig 4 shows a representation of the municipalities’ biophysical exposure to SLR. It is possible 
to observe that about 60 percent of the municipalities are identified as highly exposed to SLR 
due to biophysical factors, and only Ilha Comprida, Barra do Chapéu, Itapirapuã Paulista and 
Juquitiba are classified as low to very low exposed. The highly exposed municipalities are 
classified as having more occurrence of extreme hydrological events, higher erosion and flood 
risks if compared to the least exposed municipalities. 
 

 
Fig 4. Biophysical exposure of the coastal zone of São Paulo. Map data: Google Imagery 
©2018 TerraMetrics. 
 
Fig 5 shows a representation of the quantity of industries present in the municipalities. The 
municipalities of Registro, São Vicente, Praia Grande and Santos have the greatest amount of 
industries compared with the other 32 municipalities. Santos concentrates the highest number 
of industries and all the four municipalities have industries from chemical, oil and gas sectors. 
 
Fig 6 shows a representation of the quantity of ports present in the municipalities. São 
Sebastião, Santos and Guarujá have the highest numbers of ports among the other 
municipalities. These three municipalities together have a total of 8 ports and terminals. 
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Fig 5. Quantity of industries present in the coastal municipalities. Map data: Google Imagery 
©2018 TerraMetrics. 
 

 
Fig 6. Quantity of ports present in the coastal municipalities. Map data: Google Imagery 
©2018 TerraMetrics. 
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Total overall vulnerability to SLR of the coastal municipalities is represented in Fig 7. The 
overall vulnerability is obtained by the sum of all aggregated values of adaptive capacity, 
exposure and sensitivity. 
 
Santos was identified as the most vulnerable municipality in consequence of having the largest 
number of ports, industries from chemical, oil and gas sectors, and considerably exposed to 
biophysical factors, mostly by virtue of erosion and high number of extreme hydrological 
events. The other highly vulnerable municipalities were Registro, São Vicente, Praia Grande, 
São Sebastião and Guarujá. 
 
Praia Grande is in the second place in terms of number of industries related to oil, gas, metal 
and chemical products; and it is highly exposed to biophysical factors mostly because of flood 
and erosion risk. São Vicente is in the third place in terms of number of industries connected to 
oil, gas, chemical and metal products; the municipality is highly sensitive, mostly due to the 
low access of the population to sanitation services, extensive agricultural areas and large areas 
occupied by favelas if compared to the other municipalities. Registro is in the fourth place in 
terms of number of industries which are related to electricity, gas and metal products; the 
municipality is highly exposed to biophysical factors mostly due to flood risk and the highest 
number of extreme hydrological events. Guarujá has the largest number of ports together with 
Santos. Guarujá is also in the fifth place in terms of number of industries related to chemical 
and metal products; and it is highly exposed to biophysical factors mostly because of erosion 
risk. São Sebastião has the second largest number of ports; and it is highly exposed to 
biophysical factors mostly due to erosion risk. Briefly, this overall assessment reveals that 
aspects related to exposure are the ones that best differentiate the least and the most vulnerable 
municipalities. 
 

 
Fig 7. Vulnerability of the coastal zone of São Paulo. Map data: Google Imagery ©2018 
TerraMetrics. 
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4.2. Areas prone to Sea Level Rise 
 
Fig 8 shows the identified ‘areas prone to SLR’. The areas with elevation £ 1 meter, also called 
‘areas prone to SLR’, cover the following municipalities: Cananéia, Ilha Comprida, Iguape, 
Registro, Cajati, Peruíbe, Itanhém, Praia Grande, São Vicente, Cubatão, Guarujá, Santos, 
Bertioga, São Sebastião, Ilhabela, Caraguatatuba and Ubatuba. Fig 9 shows the ‘areas prone to 
SLR’ overlapped with urban areas, illustrating that some ‘areas prone to SLR’ are also urban 
areas. 
 

 
    Fig 8. Areas prone to SLR in the coastal zone of São Paulo. Map data: Google Imagery 
©2018 TerraMetrics. 
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    Fig 9. Areas prone to SLR and urban areas in the coastal zone of São Paulo. Map data: 
Google Imagery ©2018 TerraMetrics. 
 

4.3. SLR-exposed urban areas 
 
The result of an intersection between ‘areas prone to SLR’ and urban areas is the ‘SLR-exposed 
urban areas’ which is shown in Fig 10. The ‘SLR-exposed urban areas’ covers a total of 17 
municipalities: Guarujá, Cubatão, Santos, Ilha Comprida, São Vicente, Caraguatatuba, São 
Sebastião, Praia Grande, Ilhabela, Ubatuba, Bertioga, Cajati, Registro, Itanhaém, Cananéia, 
Iguape and Peruíbe. 
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Fig 10. SLR-exposed urban areas in the coastal zone of São Paulo. Map data: Google Imagery 
©2018 TerraMetrics. 
 
Table 5 shows the results of calculations made with data on urban population, urban density, 
the extent of the municipalities’ urban areas, the municipalities’ population and the extent of 
the ‘SLR-exposed urban areas’. 
 
The potential number of affected people by SLR (Table 5) is an approximation based on data 
for urban density and the calculated area of each ‘SLR-exposed urban area’ in the 17 
municipalities. The sum of the potential number of affected people, which is 1 076 831, 
correspond to 43 percent of the entire population of the 36 municipalities. Caraguatatuba has 
the largest potentially exposed area to SLR while Peruíbe has the smallest exposed area. In 
Iguape, almost 93 percent of the municipality’s population will be potentially affected by SLR. 
Santos has the highest number of potential affected people for being the municipality with the 
largest population amongst the 16 municipalities. 
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Table 5. Extent of the SLR-exposed urban areas, urban density, potential number of affected 
people, urban population, population number and percentage of potential affected people 
compared to the municipalities’ total population. 

Municipalities 

Extent of 
the SLR-
exposed 

urban areas 
(km2) 

Urban 
density 

(ppl/km2) 

Potential 
number of 
affected 
people 

Urban 
population Population 

Percentage of 
potential affected 
people compared 
to total population 

(%) 
Santos 41,71 8 098,12 337 776 419 086 425 621 79,36 
São Vicente 16,43 10 267,89 168 682 331 817 350 254 48,16 
Guarujá 26,89 5 678,10 152 673 290 696 308 522 49,49 
Caraguatatuba 46,84 1 865,37 87 375 96 673 111 787 78,16 
São Sebastião 36,03 1 762,09 63 488 73 109 83 314 76,20 
Cubatão 21,25 2 754,72 58 528 118 720 126 059 46,43 
Ubatuba 29,64 1 727,74 51 206 76 907 85 866 59,63 
Praia Grande 7,94 5 699,24 45 259 262 051 301 024 15,03 
Ilha Comprida 24,53 1 200,72 29 454 28 002 31 988 92,08 
Iguape 8,69 3 118,23 27 107 24 687 29 235 92,72 
Bertioga 17,10 796,75 13 623 46 867 58 595 23,25 
Cananéia 6,25 1 697,46 10 610 10 436 12 263 86,52 
Registro 6,88 1 315,23 9 052 48 169 54 091 16,73 
Ilhabela 15,13 592,00 8 959 9 025 9 901 90,48 
Cajati 5,34 1 220,55 6 514 20 720 28 697 22,70 
Itanhaém 3,72 1 312,10 4 880 86 242 95 235 5,12 
Peruíbe 1,30 1 267,83 1 647 59 105 64 248 2,56 
  Total 1 076 831    

 
4.4. Assessment of the SLR-exposed urban areas 

 
In the overall assessment, the comparisons were done among 36 municipalities. Now the 
assessments are among the 17 municipalities which compose the ‘SLR-exposed urban areas’. 
Consequently, there are changes in the degrees of adaptive capacity, sensitivity, exposure and 
total vulnerability compared with the presented results in the overall assessment. Therefore, in 
this section, the comparisons are done among the 17 municipalities and are not going to be 
compared with the results from the overall assessment which would produce pointless results. 
 
Fig 11 shows a representation of the ‘SLR-exposed urban areas’ adaptive capacity to SLR. A 
total of 7 municipalities were identified as the least capable to adapt to SLR: Cajati, Ilha 
Comprida, Iguape, Cananéia, Bertioga, Itanhaém and Peruíbe. Compared to the other 
municipalities with higher adaptive capacity, these 7 municipalities have lower income per 
capita; on average 15 percent of the municipalities’ population is composed by illiterates; lower 
GDP; and 64 percent is the average of the municipalities’ population which do not have access 
to public infrastructure. The indicator for years of education, employed population and number 
of basic health centres do not vary much among the group of 17 municipalities.  
 
The municipalities with higher adaptive capacity are Cubatão, Guarujá, Praia Grande, São 
Vicente and Santos. They have higher income per capita; on average 9 percent of the 
municipalities’ population is composed by illiterates; almost 10 times higher GDP compared to 
the municipalities with lower adaptive capacity; and on average 34 percent of the 
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municipalities’ population do not have access to public infrastructure. In summary, economic, 
education and urban infrastructure aspects are those that best differentiate the least and the most 
capable municipalities to adapt to SLR.  
 

 
Fig 11. Adaptive capacity of the SLR-exposed urban areas in the coastal zone of São Paulo. 
Map data: Google Imagery ©2018 TerraMetrics. 
 
It is important to mention that as this assessment is focused on the ‘SLR-exposed urban areas’, 
which are strictly urbanized areas, the indicators which are not part of an urban environment 
such as agricultural areas, native forest and indigenous territory were not included in this 
sensitivity assessment. 
 
Fig 12 shows a representation of the ‘SLR-exposed urban areas’ sensitivity to SLR. Cubatão, 
Santos, Praia Grande, Bertioga and Guarujá have high degree of sensitivity to SLR. These 
highly sensitive municipalities have high population density; they concentrate almost all favelas 
of the region; the municipalities’ population have low access to sanitation; presence of more 
fishing production units than the least sensitive municipalities; and have higher occurrence of 
accidents related to geological phenomena. In resume, urban infrastructure factors together with 
land use, economic and biophysical factors distinguish the most and the least sensitive 
municipalities. 
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Fig 12. Sensitivity of the SLR-exposed urban areas in the coastal zone of São Paulo. Map data: 
Google Imagery ©2018 TerraMetrics. 
 
Fig 13 shows a representation of the ‘SLR-exposed urban areas’ biophysical exposure. A total 
of 11 municipalities were considered highly biophysically exposed: Cubatão, São Vicente, 
Santos, São Sebastião Bertioga, Ubatuba, Itanhaém, Iguape, Praia Grande, Registro and 
Caraguatatuba. These municipalities have twice the number of extreme hydrological events if 
compared to the least biophysically exposed municipalities; slightly higher erosion risk but not 
much different in relation to flood risk if compared to the other municipalities classified as less 
exposed. In sum, the factors that best differentiate the least and the most biophysically exposed 
municipalities are those related to hydrological events. 
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Fig 13. Biophysical exposure of the SLR-exposed urban areas in the coastal zone of São Paulo. 
Map data: Google Imagery ©2018 TerraMetrics. 
 
Fig 14 shows a representation of the quantity of industries present in the ‘SLR-exposed urban 
areas’. São Vicente, Praia Grande and Santos have higher numbers of industries in their territory 
which are related to gas and oil, metal and chemical sectors. A total of 245 industries are present 
in these three municipalities while the other 14 municipalities concentrate 252 industries. 
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Fig 14. Quantity of industries present in the SLR-exposed urban areas in the coastal zone of 
São Paulo. Map data: Google Imagery ©2018 TerraMetrics. 
 
Fig 15 shows a representation of the quantity of ports present in the ‘SLR-exposed urban areas’. 
Cubatão, São Sebastião, Guarujá and Santos concentrate all ports and related infrastructures of 
the region. Santos and Guarujá have the highest number of ports compared to Cubatão and São 
Sebastião. It is worth to mention that according to Egler (2004) these municipalities, which 
concentrate most of the industries and ports, play important roles in the economy picture of São 
Paulo’s coastal zone. 
 

 
Fig 15. Quantity of ports present in the SLR-exposed urban areas in the coastal zone of São 
Paulo. Map data: Google Imagery ©2018 TerraMetrics. 
 

4.5. Total vulnerability assessment of the SLR-exposed urban areas 
 
Fig 16 shows the vulnerability assessment of the ‘SLR-exposed urban areas’. The assessment 
is the sum of all aggregated values for adaptive capacity, sensitivity and exposure (biophysical 
exposure, number of industries and ports). The focus still on the same 17 municipalities from 
the assessment of the SLR-exposed urban areas, section 4.4. 
 
The highly vulnerable municipalities to SLR are São Vicente, São Sebastião, Praia Grande, 
Santos and Guarujá. As presented on Table 5, there are at least 768 thousand people living in 
those urban areas. These inhabitants have higher chances to be affected by SLR and its effects. 
Additionally, these regions were identified as highly vulnerable mostly due to higher degrees 
of exposure and sensitivity. The high degree of exposure of these municipalities is influenced 
by high biophysical exposure due to erosion risks, and concentration of industries and ports. 
Also, the high degree of sensitivity of these municipalities is affected by higher population 
density, land occupation by subnormal agglomerates and higher occurrence of accidents related 
to geological phenomena. 
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Santos is the most vulnerable municipality among all others. The municipality has the largest 
population among the other 16 regions and approximately 338 thousand people can be affected 
by SLR. This total vulnerability assessment shows that biophysical, environmental risks, urban 
infrastructure and land use factors are significant to distinguish the most and least vulnerable 
municipalities to SLR. 
 

 
Fig 16. Vulnerability of the SLR-exposed urban areas in the coastal zone of São Paulo. Map 
data: Google Imagery ©2018 TerraMetrics. 
 

5. Discussion 
 
To accomplish the aim of this study, that is to assess vulnerability to SLR of the state of São 
Paulo, a conceptual framework on vulnerability to SLR for São Paulo was adopted, that in its 
turn was based on the identification of how vulnerability to climate change and SLR is 
understood and referred in Brazilian climate policies. Subsequently, it was essential to identify 
what were the indicators which influence vulnerability to SLR in São Paulo. The identification 
of these indicators was based on important studies on territory management in Brazil. Also, 
these studies support analysis for public policies on climate change in Brazil. Once completed 
the selection of indicators, these were grouped according to the elements that encompass the 
vulnerability concept, that are adaptive capacity, sensitivity and exposure. The overall 
assessments of adaptive capacity, sensitivity, exposure and total vulnerability were conducted 
and covered the whole extent of the 36 municipalities. Likewise, the downscaled assessments, 
comprised the vulnerability assessment of the identified ‘SLR-exposed urban areas’. Both, the 
overall assessments and the downscaled assessments provided results which are going to be 
discussed in the following sections. 
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5.1. Vulnerability assessment to sea level rise: opportunities and limitations 
 
The chosen indicator-based approach to assess coastal vulnerability has its associated 
limitations and opportunities which are worth mentioning. In relation to the results’ limitations; 
simplistic conclusions can often be drawn out from interpretations of the results, as this is 
associated with a characteristic of the indicator-based approach. Though the approach also 
allows a representation of overall results (Nardo et al., 2008) if that is the objective. 
Nevertheless, the downscaled assessment of the ‘SLR-exposed urban areas’ was conducted to 
allow a more precise assessment of the municipalities, avoiding presenting just overall results.  
 
Other limitations are connected to the study method and its procedures. Transparency about the 
selection of indicators and how data processing is done (Nardo et al., 2008), is necessary and 
requires attention to minimum details. To avoid lack of transparency about the procedures, 
efforts were made to describe the followed steps as much as possible. In addition to that, the 
chosen aggregation method carries limitations in relation to the indicators. A weighted 
aggregation implies compensability among the indicators, i.e., if a municipality has lower 
performance in one dimension; a higher performance in any other dimension can disguise the 
lower performance. In other words, it is possible to offset a disadvantage in one indicator by a 
sufficient advantage in another indicator. This substitutability among the indicators implies in 
missing important factors that could also being influencing the degrees of vulnerability (Munda, 
2011).  
 
Another part of data processing which was done to classify the aggregated indicators, was the 
applied classification method Natural Break (Jenks) using the GIS software QGIS. Different 
classification methods generate different visual configurations in the map (Jiang, 2013). The 
Natural Break (Jenks) classification method base its classes in the real interval hierarchy of the 
dataset by making specific groups to each dataset (Munda, 2011). At the same time this is an 
advantage of the method, as it finds the best range for each dataset, it also decreases the validity 
of a comparison between two or more maps created with the classification method. However, 
in this study, maps and its represented contents were not compared between each other. 
 
A further encountered limitation is linked to lack of data. It is of common knowledge among 
Brazilian researchers, that there is insufficient available historic information on local extreme 
climate events along the Brazilian coastal zone (Marengo et al., 2016; Muehe, 2010). 
Consequently, the utilized proxies are meant to be an approximation for the indicators, 
however, if data on undertow and storm surges, for example, would be available it would be 
possible to reach more precise results. Not only data on undertow and storm surges were 
unavailable, but also georeferenced data about the location of industries and ports. An 
illustration of the exact localization of industries and ports along the coast could be a better 
manner to visually represent the quantity of industries and ports. On the other hand, the use of 
important documents to support the selection of indicator, have contributed to a focused 
delimitation of significant indicators and respective proxies to assess vulnerability to SLR in 
São Paulo. 
 
In the same way there are limitations involved in the assessment approach, there are also 
opportunities associated to it. Through the use of indicators, which were grouped according to 
the elements that encompass the concept of vulnerability, and geographically represented with 
the use of maps; the assessment allowed comparisons between the municipalities in the context 
of their adaptive capacity, sensitivity and exposure, opening up for communication of complex 
realities through vulnerability mapping. It is also imperative to mention that the results from 
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the overall and downscaled assessments can be seen as means of introducing further discussions 
between the municipalities’ general public, policy-makers and other interested parts about 
measures to address vulnerability to SLR in São Paulo. This is also connected to possibilities 
of enriching the results of this present study, by conducting further studies focused on 
participatory approaches. This is a way of introducing discussions about the main factors that 
affect vulnerability (Aalst, Cannon & Burton, 2008) to SLR in São Paulo. Also, the 
impossibility of conducting participatory surveys in this present study, configure an 
encountered limitation in terms of possible opportunities to combine more indicators in the 
assessment that could be identified through participatory surveys.     
 

5.2. Main factors and degrees of vulnerability to sea level rise 
 
The assessment of the ‘SLR-exposed urban areas’ has shown that the main factors which affect 
vulnerability level of the municipalities, are connected to deficiency of urban infrastructure; 
risky land occupation arrangements; higher urban density; absence of municipal supervision; 
highly urbanized areas in low elevation regions; and presence of industries from energy and 
material sectors (Marengo et al., 2016; Egler, 2004). Therefore, social factors were the ones 
that mostly have influenced a differentiation between the most and least vulnerable 
municipalities. Biophysical and economic factors showed to have less influence in the 
vulnerability degree of the municipalities, although they are still relevant. Barbi & Ferreira 
(2014), and Nicolodi & Petermann (2010) in their studies related to vulnerability in the 
Brazilian coastal zone, have also identified that social factors, such as illegal land occupation; 
and biophysical factors, as erosion and landslide; are significant factors for coastal vulnerability 
in the urbanized municipalities in Brazil. 
 
Egler (2004) and Nicolodi & Petermann (2010) have found significant concentration of 
industries close to coastlines in Brazil. These industries deal with goods considered potential 
polluting, such as chemical products, oil and gas. Since coastal erosion and coastal flooding are 
critical factors for the municipalities, it is important the application of precautionary principles 
in front of possible consequences of SLR as Nicolodi & Petermann (2010) also suggest in their 
study. Santos has the highest number of industries, and consequently has higher chances to be 
the target of industrial accidents such as oil spills, gas and liquid effluents leaks.  
 
Deficiency of urban infrastructure and risky land occupation arrangements are associated with 
illegal occupations of risky areas, presence of favelas, and high number of accidents related to 
geological and hydrological phenomena. The illegal occupation of risky areas is directly 
connected to presence of favelas, also called subnormal agglomerates, and occurrence of 
geological and hydrological accidents involving populations (IBGE, 2010). Among the five 
most vulnerable municipalities, São Vicente has the largest area occupied by favelas. What can 
be associated with this is the fact that São Vicente also presents lower percentage of its 
population covered by municipal waste management service and low access to sanitation in 
relation to the other four most vulnerable municipalities which are São Sebastião, Praia Grande, 
Santos and Guarujá. Subnormal agglomerates are identified by IBGE (2010) as groups of 
habitations destitute of essential public infrastructure, such as sanitation, waste collection, 
electricity and public pavement; illegally occupation of public or private terrains, normally 
arranged in a disorderly way and with very high density. Besides these characteristics, 
subnormal agglomerates are usually located in risky areas with high declivity, which present 
high geological risks. Therefore, the presence of populations living in favelas located at risky 
areas, intensify landslides (Marengo et al., 2016). However, the subnormal agglomerates of São 
Vicente are mainly located in areas with low declivity and structured residences occupy areas 
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with high declivity, so coastal flood and inundation is at higher risk for them. In general, not 
only favelas are vulnerable to coastal flooding, landslides, coastal erosion and inundations; non-
structured residences occupying legal terrains, are also subject to these effects as Oliveira & 
Cunha (2015) point out in their study about the coastal region of Baixada Santista. 
 
High urban density close to the coastline impose difficulties to the development of urban 
management plans which could tackle coastal flooding and coastal erosion (Marengo et al., 
2016). The difficulty is inflicted by higher urban density, especially in São Vicente and Santos. 
These municipalities have on average 9 000 inhabitants/km2. Nicolodi & Petermann (2010), 
also mention in their study that due to higher urban density and low economical potential of the 
population, the municipalities of Santos, São Vicente and Guarujá are highly exposed to social 
risks which cause deterioration of human development through decrease of income, 
unemployability, critical living conditions and increase of diseases. This observation agrees 
with the presented results in section 4.5, as the high degree of vulnerability of Santos, São 
Vicente and Guarujá has greater influence of social factors. 
 
Therefore, according to this study results, to address the main social and biophysical factors 
that affect vulnerability to SLR in the municipalities, it is important to focus on the 
improvement of multiple aspects. Accessibility to public infrastructure, which includes 
sanitation and waste management services. The adequacy of existent subnormal agglomerates 
is a required measure in order to reduce the degree of sensitivity to SLR of the municipalities, 
as the most vulnerable municipalities concentrate the majority of the subnormal agglomerates. 
These measures, as suggested by Barbi & Ferreira (2014), can be done by increasing municipal 
control over attempts to occupation of irregular terrains, and planning of settlements for 
residences and other types of constructions.  
 
The long-term measures should be towards future necessities of rearrangement of displaced 
populations which involve restraint of conflicts and new efficient infrastructure proposed by 
Zanetti, Junior & Freitas (2016). The challenge involved in reducing vulnerability to SLR of 
the state of São Paulo is to generate more discussions about the importance that social factors 
have over the municipalities. Marengo et al. (2016) considers that these discussions should be 
part of integrated policy and governance solutions, and that there are very few actions which 
are contributing to the implementation of integrated policy measures on vulnerability to climate 
change at municipal level. 
 

5.3. Conclusions 
 
The study aimed at assessing vulnerability to sea level rise of municipal populations in the state 
of São Paulo. To accomplish the aim, and to identify the degrees of vulnerability to SLR of the 
municipalities as well as to identify the main factors that affect vulnerability to SLR in the 
municipalities of the coastal region of São Paulo; a total of 24 socioeconomic and biophysical 
indicators have supported the assessments. The results were represented through vulnerability 
mapping organised according to the municipalities’ adaptive capacity, sensitivity, exposure and 
total vulnerability which represent the sum of all aggregated values.  
 
The results have shown that São Vicente, São Sebastião, Praia Grande, Santos and Guarujá 
were classified as highly vulnerable to sea level rise and Santos as the most vulnerable 
municipality. The main factors that affect vulnerability level were identified as being social 
factors which are interconnected with biophysical and economic factors. Urban infrastructure 
is among the most influential social aspect that affect vulnerability. Coastal erosion, landslide, 
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coastal flooding and inundation are interconnected with urban arrangements and have important 
influence on the degrees of vulnerability, likewise, the concentration of industries, with high 
polluting potential, is the main aspect related to economic factors in the most vulnerable 
municipalities.  
  
The potential number of affected people by a rise of up to 1 meter in the sea level is around 1 
million, which can occur in the following 100 years. It is important to mention that due to the 
dynamism of the population (Strohaecker, 2004), it is probable that the potential number of 
affected people will increase in the following 100 years as it is also expected that the 
municipalities will development in the meantime. This requires new future assessments in order 
to update the degrees of vulnerability to SLR of the municipalities of São Paulo state.    
 
The relevance of this study is connected with the identification of the main factors that affect 
vulnerability to SLR in the municipalities of São Paulo, consequently, it offers support to 
recommendations of actions to address this vulnerability. The identified main factors should be 
integrated in policy strategies, which should consider actions towards improvement of life 
quality and long term urban management plans. In addition, the relevance of the identified main 
factors is related to the conduction of future assessments to vulnerability to SLR, where these 
assessments could focus only on the main factors identified by this present study. 
 
There are a variety of future research which can proceed from where this study has reached its 
conclusions. There are opportunities to investigate how the results from this study counterpart 
with results from participatory consultation of the inhabitants of the municipalities, policy 
makers and other interested parts. Would these stakeholders identify the same main factors that 
affect vulnerability to SLR in São Paulo? What additional influential factors could enrich the 
results of this present study? Another opportunity for further studies is to deeply analyse the 
current state of coastal vulnerability policies in Brazil, aiming at identifying prospect 
improvements in case the influential factors that affect coastal vulnerability are not addressed 
in such documents. As vulnerability is a complex concept which involves multiple aspects, the 
results of this present study enrich the understanding of coastal vulnerability in the state of São 
Paulo.   
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